Abstract. The mechanisms of femtosecond laser melting, spallation and ablation of a chromium target are investigated in simulations performed with a hybrid computational model that combines the classical molecular dynamics method with a continuum description of the laser excitation of conduction band electrons, electron-phonon coupling, and electron heat conduction in the irradiated target. The material response to the irradiation by a 200 fs laser pulse is studied for laser fluences covering the regimes of melting and recrystallization of the surface region of the target, photomechanical separation (spallation) of a liquid layer, and explosive disintegration and ejection of a superheated surface region. The transition from the regime of transient surface melting to the spallation is manifested by a sharp increase of the total amount of ejected material (ablation yield) and decrease in the time required for resolidification of the surface region of the target. The transition from the spallation to the phase explosion regime is characterized by a remarkable change in the composition of the ejected ablation plume (smaller droplets and larger fraction of vapor phase), increase in the time for surface resolidification, and saturation or even decrease of the total ablation yield as compared to the spallation regime. The conditions that control the transitions between the three regimes and the mechanisms of laser melting, spallation and phase explosion are established for the chromium target and related to the results of earlier simulations performed for other metals and molecular systems.
INTRODUCTION
The fast advancement of laser technology makes ultrashort (picosecond and femtosecond) lasers increasingly accessible and expands the range of material processing applications that benefit from the rapid laser energy deposition, small heat affected zone, and minimal residual damage characteristic of the ultrashort pulse irradiation [1] [2] [3] [4] . The ability of the ultrashort pulses to generate well-defined surface micro-and nano-structures with remarkable quality and reproducibility [5] [6] [7] and to perform high precision drilling and cutting of a broad range of materials [1] [2] [3] has been demonstrated in numerous studies.
The active expansion of the area of practical applications of ultrashort laser pulses motivates experimental and theoretical studies focused on the fundamental mechanisms of laser-materials interactions. Under conditions when laser irradiation results in permanent surface modification or material ejection (ablation), the relevant processes discussed in literature are the transient melting and resolidification of a thin surface layer [8] [9] [10] [11] [12] , the explosive boiling (phase explosion) of a surface region superheated beyond the limit of thermodynamic stability of the molten material [9, [13] [14] [15] [16] [17] [18] , the melt expulsion or sputtering due to the action of ablation recoil pressure [9, 19] , the ejection of large droplets or fractured solid fragments caused by the relaxation of photomechanical stresses [9, [20] [21] [22] [23] [24] [25] [26] [27] , as well as non-thermal phase transformations induced by the electronic excitations [28] [29] [30] [31] , photochemical reactions [32] or charge separation and Coulomb explosion [33] .
Molecular dynamics (MD) simulations are playing an increasingly important role in investigations of the complex and highly non-equilibrium processes induced by short pulse laser irradiation, see recent reviews [34, 35] . In particular, MD simulations of laser interactions with metal targets have provided important insights into the mechanisms and atomic-level dynamics of laser melting [9] [10] [11] [12] 25, 36, 37] , spallation [9, [24] [25] [26] [27] 38] and explosive boiling [9, 17] . While most of the MD simulations of laser interactions with metals have been performed for face-centered-cubic (fcc) metals, recent simulations of laser melting and resolidification of body-centered-cubic (bcc) metal, Cr, has also been reported [11] .
In this paper we report an extension of the MD simulation study of the femtosecond laser melting of Cr targets to higher fluences that cover the irradiation regimes of photomechanical spallation and explosive boiling. The results of the simulations are related to the ones obtained in a recent study of laser interactions with fcc Ni targets [9] , where strong connections between the maximum melting depth, photomechanical spallation, and phase explosion are established. The computational model used in the simulations is described next, in Section 2. The results of the simulations are presented and discussed in Section 3 and summarized in Section 4.
COMPUTATIONAL MODEL
The simulations of laser interactions with Cr targets are performed with a combined atomistic-continuum model that couples the classical MD method with a continuum-level description of the laser excitation and subsequent relaxation of the conduction-band electrons. The model accounts for the electron heat conduction in the metal targets and provides an adequate representation of the fast heating and cooling of the surface regions of the targets. A complete description of the combined atomistic-continuum model is given in Refs. [9, 24, 25] , whereas the parameterization for Cr is provided in Ref. [11] . Briefly, the model is based on the well-known twotemperature model (TTM) [39] that describes the time evolution of the lattice and electron temperatures, T l and T e , in the irradiated target by two coupled nonlinear differential equations. In the combined TTM-MD model, MD substitutes the TTM equation for the lattice temperature. The TTM equation for the electron temperature is solved by a finite difference method simultaneously with MD integration of the equations of motion of atoms. The electron temperature enters a coupling term that is added to the MD equations of motion to account for the energy exchange between the electrons and the lattice. The cells in the finite difference discretization are related to the corresponding volumes of the MD system, and the local lattice temperature is defined for each cell from the average kinetic energy of thermal motion of atoms.
The interatomic interaction in the MD part of the model is described by the embedded atom method (EAM) with the functional form and parameterization developed for Cr in Ref. [11] . The potential provides a computationally efficient yet sufficiently accurate description of real Cr. The equilibrium melting temperature, the enthalpy of melting, heat capacity, and vacancy migration energy of the EAM Cr material are within 10% of the experimental values. A good agreement of the calculated elastic properties (including the negative sign of the Cauchy pressure characteristic of Cr) with experimental data is also obtained [11] .
The MD part of the TTM-MD model represents the top 100 nm surface region of the Cr target, has lateral dimensions of 8 8 nm 2 , and is composed of 630 000 atoms. Periodic boundary conditions are used in the directions parallel to the (100) free surface of the bcc crystal. To ensure non-reflecting propagation of the laser induced pressure wave from the MD part of the model, a dynamic pressure-transmitting boundary condition is applied at the bottom of MD computational cell [40, 41] . The computational system is equilibrated at 300 K before applying laser irradiation.
In the continuum part of the model, beyond the MD region, the electron heat conduction and the energy exchange between the electrons and the lattice are described by the conventional TTM. The size of the continuum (TTM) region is varied between 500 nm and 1.5 m depending on the laser fluence and the duration of the simulation, so that no substantial changes in the electron and lattice temperatures are observed at the bottom of the continuum region by the end of the simulation.
The choice of the parameters used in the TTM equation for the electron temperature is explained in Ref. [11] and the parameters are listed below. The electronic heat capacity is C e = T e with = 194 Jm -3 K -2 , the electron-phonon coupling constant is G = 4.2 10 17 Wm -3 K -1 , and the thermal conductivity is K e = K 0 T e /T l with K 0 = 94 Wm 1 K 1 . Irradiation by a 200 fs laser pulse is represented through a source term added to the TTM equation for the electron temperature. The source term reproduces a Gaussian temporal profile and an exponential attenuation of laser intensity with the depth under the surface. An optical penetration depth of 8.9 nm at a laser wavelength of 400 nm [42] is assumed in the simulations. The reflectivity of the surface is not defined in the model since the absorbed laser fluence rather then the incident fluence is used in the discussion of the simulation results.
RESULT AND DISCUSSION
In this section, the threshold values of the laser fluence that correspond to the transitions between deferent regimes of material response to the laser irradiation are first identified from the analysis of the fluence dependence of the total ablation yield and the yield of individual (vapor-phase) atoms. The mechanisms of the fast laser melting and resolidification, the photomechanical spallation/sputtering of layer(s)/droplets of liquid material, and the phase explosion of an overheated surface region of the target are then discussed based on the results of three representative simulations performed in the corresponding irradiation regimes.
ABLATION YIELD AND COMPOSITION OF THE ABLATION PLUME
The simulations of irradiation of a bulk Cr target with a 200 fs laser pulse are performed for absorbed laser fluences ranging from 43 to 383 mJ/cm 2 . This range of fluences covers three regimes of material response to laser irradiation: surface melting and resolidification, photomechanical spallation, and phase explosion of an overheated surface region of the target. These regimes can be identified from the fluence dependence of the total amount of material removed from the target (total ablation yield) and the number of ejected individual (vapor-phase) atoms, shown in Fig. 1 .
At low laser fluences, between the thresholds for surface melting, ~50 mJ/cm 2 [11] and spallation, ~95 mJ/cm 2 , the laser induced processes are limited to the melting and resolidification of a part of the surface region. The depth of the transiently melted surface region is increasing with increasing laser fluence and reaches 23 nm at the highest fluence of 85 mJ/cm 2 simulated in this regime. Only 3 atoms, however, are observed to evaporate from the surface of the target at this fluence.
The increase of the laser fluence above 95 mJ/cm 2 results in a separation of a layer of melted material from the bulk of the target, which is reflected in a step increase in the total ablation yield in Fig. 1a . As discussed in Section 3.2, the ejection of the liquid layer is driven by the relaxation of the laser-induced stresses generated in the surface region of the target under conditions of stress confinement. Therefore, by analogy with the term "spallation," commonly used to describe the dynamic fracture that results from the reflection of a shock wave from a back surface of a sample [43, 44] , the material ejection due to the laser-induced stresses is called here frontsurface laser spallation [26] . An increase of the laser fluence above the spallation threshold results in the separation and ejection of multiple layers/droplets from the target. At the higher fluences, but still in the spallation regime, the surface layer is strongly overheated and readily disintegrates at moderate tensile stresses. The number of vapor phase atoms evaporating from the ejected liquid layers and droplets also increases with fluence but remains below 2% of the total yield, Fig. 1b. The temperature of the surface region of the target in the spallation regime stays below the temperature required for the onset of the explosive boiling. The threshold temperature for the onset of the phase explosion can be determined in constantpressure MD simulations of a slow heating of a metastable liquid. This approach has been used earlier to determine the threshold temperature for the onset of the explosive boiling in a system of Ar atoms [45] , a molecular system represented by the breathing sphere model [46] , and a Ni material simulated with EAM potential [9] . The threshold temperature for the phase explosion can be expected to be ~10% below the critical temperature of the material [13] [14] [15] 45] . In this work, we perform a similar set of simulations for a cubic system of 6500 Cr atoms. Periodic boundary conditions are used in all directions to simulate a small region inside a bulk material. The change in volume of the system as a function of temperature, obtained in these simulations, is shown in Fig. 2 . The threshold temperature for the onset of the phase explosion can be identified from a sharp increase of the volume of the system that corresponds to the explosive phase separation into liquid and vapor. This threshold temperature is found to be about 6000 K at zero pressure for the EAM Cr material. At laser fluences that bring the surface region of the irradiated target to temperatures that reach and exceed the threshold temperature for the phase explosion, the dominant mechanism responsible for the material ejection changes from the photomechanical spallation driven by the relaxation of the laser-induced stresses to the phase explosion driven by the rapid decomposition of the overheated material into a mixture of vapor and liquid droplets. The transition to the phase explosion regime does not result in an increase in the total amount of the ejected material, Fig. 1a . Quite the reverse, the total yield decreases somewhat and saturates at fluences above the threshold for the phase explosion. The decrease of the total yield can be explained by two factors: (1) a higher energy cost of the decomposition of the surface region of the target into a mixture of vapor and small liquid droplets as compared to the ejection of larger droplets in the spallation regime, and (2) redeposition of some of the droplets ejected at end of the ablation process back to the target due to the vapor pressure from the upper part of the plume. Indeed, deceleration and redeposition of some of the large droplets is observed in simulations performed at laser fluences of 340 mJ/cm 2 and 362 mJ/cm 2 .
The transition to the phase explosion regime is also signified by an increase in the number of vapor phase atoms in the ablation plume, Fig. 1b . Given that the total yield saturates and even decreases upon the transition to the phase explosion regime, the fraction of the vapor phase in the ablation plume increases from ~2% of the total yield right below the threshold for the phase explosion to 4-7% above the threshold. This increase is less dramatic as compared to the one observed in the simulations performed for Ni targets [9] , where the jump in the fraction of the vapor-phase atoms was from 2% to more than 10% of the total yield. The difference may be related to the materialdependent characteristics of the phase explosion process in Cr and Ni.
The increase in the fraction of the vapor-phase atoms upon the transition from the spallation to the phase explosion regime can be related to the results of plume imaging experiments [47] , where the maximum ejection of nanoparticles in laser ablation of Ni targets is observed at low fluences (possible spallation), whereas the degree of the plume atomization increases at higher fluences (possible phase explosion regime). The transition from spallation to phase explosion has also been related [9] to the results of pump-probe experiments [23, 48] , where the observation of optical interference patterns (Newton rings) can be explained by the spallation of a thin liquid layer from the irradiated target [26, 38, 49] and the disappearance of the interference fringes in the central part of the laser spot [23] may be related to the transition to the phase explosion regime.
MECHANISMS OF MELTING, SPALLATION, AND PHASE EXPLOSION
The mechanisms of melting, spallation, and phase explosion are discussed in this Section based on the results of three representative simulations performed in each of these regimes. The process of melting and recrystallization is illustrated in Figs. 3 and  4 by the results of the simulation performed at an absorbed laser fluence of 85 mJ/cm 2 , about 70% above the threshold for surface melting [11] .
The temporal and spatial evolution of the lattice temperature and pressure in the surface region of the target is shown in the form of contour plots in Fig. 3 . The temperature plot in Fig. 3a shows that the electronic excitation by the 200 fs laser pulse and the energy transfer to the lattice due to the electron-phonon coupling result in a fast lattice heating during the first several picoseconds after the laser irradiation. The maximum temperature reached by 5.5 ps at a depth of 10 to 20 nm below the initial surface exceeds 3200 K, which is 37% above the equilibrium melting temperature of the EAM Cr material, T m = 2332 K (this value is obtained by liquidcrystal coexistence simulations performed under constant-pressure conditions and is slightly lower than the value of 2381 K reported earlier in Ref. [11] ). At this overheating, fast homogeneous melting takes place and proceeds in a form of the fast collapse of the crystal lattice without the formation of well-defined liquid nuclei [12, 25, 36, 37] . The fast homogeneous melting of ~20 nm surface region is followed by an additional slow propagation of the melting front, formed by the end of the homogeneous melting process, deeper into the target (heterogeneous melting). The transfer of the thermal energy to the latent heat of melting, cooling due to the expansion of the surface region, and the fast electronic heat conduction to the bulk of the target result in a rapid cooling of the surface region. The temperature near the liquid-crystal interface drops below the equilibrium melting temperature by the time of 50 ps and the melting turns into epitaxial recrystallization of the melted region. The velocity of the solidification front increases with increasing undercooling below the melting temperature and reaches the maximum value of about 80 m/s by the time when the melting front reaches the surface of the target and the temperature at the liquid-crystal interface drops down to about 0.8 T m . The values of the solidification velocity observed in the simulations are comparable to the ones estimated from pumpprobe measurements performed for Ag films [8] . A visual picture of the melting and resolidification of the surface region of the target is provided by snapshots of atomic configurations shown in Fig. 4 . The atoms in the snapshots are colored according to their potential energy and the red regions correspond to the melted part of the target, where the average atomic energy is elevated by the latent heat of melting. The melting process during the first 50 ps is followed by resolidification, which proceeds by the propagation of a plane solidification front towards the surface. The solidification front reaches the surface by the time of 330 ps, leaving behind a region of the target supersaturated with vacancies. The continuing shift of the system in the downward direction long after the laser pulse Laser pulse (e.g., the resolidified surface is below the initial surface in the final snapshots shown in Fig. 4 ) is an artifact of the non-reflecting boundary condition that is not fully optimized for the potential used in the simulations. This slow downward drift of the computational cell, however, does not affect any of the results discussed in this paper. The rapid increase in the lattice temperature during the first picoseconds after the laser pulse takes place under conditions of the inertial stress confinement [20, 22, 26] and results in the buildup of compressive stresses in the surface region of the irradiated target, Fig. 3b . The compressive stresses increase during the time of the lattice heating and reach a maximum value of ~14 GPa by the time of 5 ps after the laser excitation. The relaxation of the compressive stresses in the presence of the free surface of the target results in the generation of a bimodal stress wave that propagates deeper into the bulk of the target. The wave consists of a compressive component followed by a tensile one, Fig. 3b . The pressure-transmitting heat-conductive boundary condition, applied at the depth of 100 nm, ensures that both the compressive and tensile components of the pressure wave propagate without any significant reflection from the boundary separating the TTM-MD and TTM parts of the model (Fig. 3b) , whereas the temperature field exhibits a seamless transition at the boundary (Fig. 3a) .
The strength of the compressive and tensile stresses generated by the laser pulses increases with increasing laser fluence and, in a simulation performed at a fluence of 106 mJ/cm 2 , the tensile stresses exceed the dynamic strength of the melted material and cause spallation or separation of a melted layer from the target, Fig. 5 . The microscopic mechanisms of spallation, which proceeds through the nucleation, growth, coalescence, and percolation of multiple voids in a surface region of the target, are discussed in detail in Ref. [26] . The general characteristics of the spallation process, including the evolution of the void size distributions, appear to be common for different materials, including molecular systems [22, 26, 50] and metals [9, 23, 51] . Some of the features of the spallation process are apparent in the contour plots shown in Fig. 5 . In particular, the nucleation and growth of voids is observed in the melted region of the target, at a depth that is much closer to the surface as compared with the depth where the maximum tensile stresses are generated. This is explained by the reduced ability of the overheated liquid to support transient tensile stresses generated by the laser-induced wave [26] . The spallation separates a hot surface layer from the bulk of the target and substantially accelerates the resolidification of the remaining part of the target. Indeed, the solidification front reaches the surface by 200 ps in Fig.  5 and by 330 ps in Fig. 3 . A similar effect of spallation on the duration of the solidification process is also reported in Ref. [9] for Ni targets. Further increase of the laser fluence above the spallation threshold results in the separation and ejection of multiple layers/droplets from the target and, above ~275 mJ/cm 2 , leads to the transition from the regime of photomechanical spallation to the phase explosion characterized by a rapid decomposition of the overheated material into a mixture of vapor and liquid droplets. This transition occurs when the surface region of the irradiated target reaches and exceeds the threshold temperature for the onset of the phase explosion identified to be around 6000 K in Section 3.1, see Fig. 2 . A surface region where temperature exceeds the threshold temperature for the phase explosion becomes unstable and disintegrates in an explosive manner. An example illustrating this ablation mechanism is shown in Fig. 6 , where the temperature and pressure contour plots are shown for a simulation performed at an absorbed fluence of 298 mJ/cm 2 .
The transition to the regime of phase explosion not only alters the composition of the ejected plume (increases the fraction of the vapor phase, Fig. 1 ), but also changes the dynamics of the ablation plume expansion and its interaction with the target. The vapor pressure released in the explosive decomposition of the top part of the target slows down the expansion of lower part of the ejected plume and prolongs its interaction with the new surface of the target. This interaction slows down the cooling of the surface and significantly increases the time scales of the melting and resolidification processes, compare Figs. 5 and 6. The transition from the spallation to the phase explosion regime also affects the characteristics of the pressure wave generated by the laser irradiation, Fig. 6b . While the compressive component of the pressure wave continues to increase linearly with increasing laser fluence, the tensile component starts to decrease in the spallation and phase explosion regimes. This decrease can be attributed to the reduced ability of the strongly overheated part of the target to support the transient tensile stresses, as well as to the compressive ablation recoil pressure that partially cancels the tensile component of the wave. The illustrate the process of the decomposition of the overheated material in the regime of phase explosion, snapshots of the ablation plum, taken at the same height above the initial surface, are shown in Fig. 7 for different times marked in the contour plot in Fig. 6a . The first snapshot, shown for 20 ps in Fig. 7a , provides an atomiclevel picture of the homogeneous expansion of the strongly overheated top layer of the target. The homogeneous expansion is followed by the appearance and growth of density fluctuations and formation of a foamy transient structure of interconnected liquid regions surrounded by vapor-phase atoms, Fig. 7b . The foamy transient structure subsequently decomposes into separate elongated liquid droplets, Fig. 7c , which gradually develop into spherical droplets in a process driven by the minimization of surface energy of the droplets. The dynamics of the material ejection and the composition of the ablation plume predicted in the simulations performed in the phase explosion regime are affected by the conditions of the stress confinement created by the fast laser energy deposition. The phase explosion occurring under conditions of stress confinement takes place simultaneously with the relaxation of the laser-induced stresses, resulting in a more vigorous material ejection, higher ablation yields, and smaller fraction of the vapor phase as compared to the "pure" phase explosion, characteristic for longer pulses. A similar effect of the stress confinement has been observed earlier in MD simulations of laser ablation Ni targets [9] and molecular systems [16, 22] , where a higher ablation yields, larger droplets, smaller fractions of the vapor phase, and higher ejection velocities are observed in simulations performed for irradiation conditions that correspond to the stress confinement. A relatively weak phase explosion, on the other hand, has been reported in MD simulations of nanosecond laser ablation of a LennardJones system [52] , where vapor phase molecules are found to account for the largest fraction of the ablation yield.
SUMMARY
A series of simulations of femtosecond laser interactions with Cr targets is performed with a hybrid computational model that combines the atomistic MD method with the continuum TTM model. The results of the simulations reveal the microscopic mechanisms of laser-induced melting and recrystallization of the surface region of the target, photomechanical spallation, and explosive disintegration and ejection of a superheated surface region. The physical conditions that result in the transitions from the melting regime to spallation and from spallation to the regime of phase explosion are discussed based on the results of the simulations. The ejection of the liquid layers and large droplets in the spallation regime are found to provide an energeticallyefficient way to remove material from the irradiated target. The transition from the spallation to the phase explosion regime, on the other hand, reduces the ablation efficiency and is characterized by a remarkable change in the composition of the ablation plume (smaller droplets and larger fraction of vapor phase). The timescale of melting and resolidification are also affected by the dominant mechanism of the material ejection: the onset of spallation interrupts the heat conduction from the hot surface layer separated from the bulk the target, leading to a sharp drop in the maximum melting depth and the duration of the melting process, whereas the transition to the phase explosion regime increases the melting depth and the duration of the melting and resolidification cycle due to the continued interaction of the ablation plume with the surface of the target. The predictions of the simulations are related to the experimental observations and the results of earlier MD simulations of laser interactions with other metal targets and molecular systems.
